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Climate prediction using a coupled model with a one-tier scheme is an important research direction. In this study, based on 1974– 
2001 hindcasts obtained from the “Development of a European Multimodel Ensemble system for seasonal to inTERannual pre-
diction” (DEMETER) project, the capability of coupled general circulation models (CGCMs) to predict six climatic factors that 
have a close relationship with the western North Pacific typhoon activity is investigated over summer (June–October). Results 
indicate that all six DEMETER CGCMs well predict the six factors. Using the statistical relationship between these six factors 
and the typhoon frequency, the ability of the CGCMs to predict typhoon frequency is further explored. It is found that the six 
CGCMs also well predict the variability in typhoon frequency. Comparison analysis shows that the prediction skill of the statisti-
cal downscaling method is much better than that of the raw CGCMs. In addition, the six-model ensemble has the best prediction 
performance. This study suggests that combining a multi-model ensemble and statistical downscaling greatly improves the CGCM 
prediction skill, and will be an important research direction for typhoon prediction.  
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A typhoon is one of the most important high-impact ex-
treme weather events in the western North Pacific (WNP). 
Its occurrence is accompanied by strong wind and heavy 
precipitation, which greatly affect navigation and people’s 
lives in eastern Asia. Typhoons have long been a hot topic 
in meteorological research. Over the past several decades, a 
number of studies have investigated typhoon variability and 
its causes. It has been found that typhoon activity is com-
plex because of there being many climatic factors. Over the 
WNP, factors such as the local sea surface temperature 
(SST), convection condition, zonal wind shear magnitude, 
and position and intensity of the intertropical convergence 
zone directly affect typhoon activity [1–8]. On a larger spa-
tial scale, climate systems, such as El Niño/La Niña-Southern 
Oscillation [9–14], quasi-biannual oscillation [15,16], at-
mospheric intraseasonal oscillation [17,18], Antarctic   
Oscillation [19,20], North Pacific Oscillation [21], North 
Pacific sea ice [22], spring Hadley circulation [23], and 
Asian-Pacific Oscillation [24,25] indirectly affect typhoon 
activity by changing local atmospheric and oceanic condi-
tions in the WNP. The above research on typhoons has been 
well reviewed by Wang et al. [26]. 
According to influencing factors, two prediction methods 
for WNP typhoon activity have been developed. One is a 
statistical method that uses preceding typhoon-related sig-
nals of atmospheric and oceanic systems to develop a pre-
diction model and then make a prediction [27–30]. In recent 
WNP typhoon prediction, the statistical method has per-
formed well. However, we know that the connection be-
tween two indirectly related climatic systems can change 
over time [31,32]. Specifically, two systems may be covar-
iant in some periods but independent in other periods. 
Therefore, there is the potential problem with the purely 
statistical forecasting model that predictors suitable for 
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some periods could be unsuitable for other periods [33]. To 
overcome this limitation of the purely statistical prediction, 
a second prediction method—dynamical prediction based 
on a climate model—was developed with improvements in 
computer technology and climate models. This method 
makes predictions using predictors from the climate model, 
which directly affect typhoon genesis. In the dynamical 
prediction system, therefore, the relationship between the 
predictor and predictand does not change over time. The 
dynamical method has been an important development in 
typhoon prediction in recent times. To date, only a few or-
ganizations have made real-time predictions of WNP ty-
phoon activity (e.g. European Centre for Medium-Range 
Weather Forecasts, International Research Institute for Cli-
mate and Society, and Institute of Atmospheric Physics) 
[5,34]. There are two prediction schemes for the dynamical 
prediction method. One is a two-tier scheme and the other is 
a one-tier scheme. Additionally, there are two approaches 
for predicting typhoons. One is a direct approach in which 
typhoon variability is predicted by detecting typhoon-like 
tropical cyclones (TCs) in the dynamical prediction systems 
[35,36], and the other is an indirect approach in which ty-
phoon activity is predicted by investigating the variability of 
large-scale climate factors that are directly associated with 
typhoon genesis. Since the former approach detects the ty-
phoon in the climate models directly, the models need to be 
of high resolution. However, most current coupled general 
circulation models (CGCMs) have insufficient resolution to 
reasonably resolve the exact features of TCs, which largely 
limits these models’ ability to detect typhoons and further 
predict typhoon variability. The latter approach is more ap-
plicable, since all climate models with different resolution 
have some ability to predict large-scale circulation variabil-
ity over the WNP, and consequently, they can be used to 
predict typhoon activity over the region. However, the pre-
dictive skill of the indirect approach is mainly dependent on 
the climate model’s ability to simulate typhoon-related cli-
matic factors over the WNP. Previous studies have shown 
that the two-tier dynamical system has some capability of 
simulating and predicting WNP typhoon activity and its 
related large-scale circulations [7]. Therefore, it is natural to 
ask how a one-tier model system performs in predicting 
WNP typhoon-related climatic factors and typhoon variabil-
ity. This question remains open. This study first investigates 
the capability of six coupled models to predict typhoon- 
related large-scale factors over the WNP, then further ex-
plores the capability of these coupled models to predict the 
WNP typhoon frequency, and finally discusses the ad-
vantage of the multi-model ensemble in the prediction of 
typhoon activity.  
1  Model and data 
Hindcasts of CGCMs are archived by the “Development of 
a European Multimodel Ensemble system for seasonal to 
inTERannual prediction” (DEMETER) project [37]. The 
DEMETER project takes seven CGCMs from CERFACS 
(European Centre for Research and Advanced Training in 
Scientific Computation, France), ECMWF (European Cen-
tre for Medium-range Weather Forecasts), INGV (Istituto 
Nazionale de Geofisica e Vulcanologia, Italy), LODYC 
(Laboratoire d’Océanographie Dynamique et de Climatolo-
gie, France), CNRM (Centre National de Recherches 
Météorologiques, Météo-France, France), UKMO (Met Of-
fice, UK), and MPI (Max-Planck Institut für Meteorologie, 
Germany). These CGCMs were installed on a single super-
computer and a series of hindcasts were produced with 
common archiving and diagnostic software. By systemati-
cally analyzing the hindcasts of these seven CGCMs, 
DEMETER attempts to advance our understanding of multi- 
model ensemble prediction. The DEMETER hindcasts are 
started four times per year at 0000 GMT on February 1, 
May 1, August 1, and November 1. Each hindcast is inte-
grated for six months and has nine members. Among the 
seven models, six have a common hindcast period of 
1974–2001. Synthetically considering the ensemble analysis 
number and the quality of the typhoon data before the 
mid-1970s [38,39], the study period in this paper is con-
fined to 1974–2001. Since the major typhoon season is 
June–October, the hindcasts from 0000 GMT on May 1 are 
analyzed in this study. In this manner, we investigate the 
ability of the CGCMs to forecast summer typhoon activity 
(June–October) in terms of 1-month lead predictions, which 
has the potential to advance current operational forecasting 
of WNP typhoon activity. 
Monthly ECMWF reanalysis data (ERA-40) [40] are 
used to investigate the simulation of typhoon-related circu-
lations with coupled models. The analysis variables include 
wind variables, sea-level pressure (SLP), specific humidity, 
divergence, vorticity, and surface air temperature. The ty-
phoon frequency is derived from the Joint Typhoon Warn-
ing Center TC dataset over the WNP (100E–170W, 0– 
55N). Depending on the maximum sustained wind speed, 
the TCs are generally divided into three classes: tropical 
depressions, tropical storms, and typhoons. In this study, the 
term typhoon refers to either a tropical storm or a typhoon 
with maximum wind speed exceeding 17.2 m/s, which dif-
fers from the traditional definition of a typhoon. 
2  Climatic factors of WNP typhoon activity 
It is well known that there are many climatic factors of ty-
phoon activity. Factors having direct influence on typhoon 
activity are mainly local to the WNP. Figure 1 shows that 
when there is greater typhoon frequency, over the lower 
latitudes of the North Pacific, an anomalous depression ac-
companies positive vorticity anomalies and there is more 
moisture at a lower level, there are divergent anomalies at  
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Figure 1  Distributions of the coefficients of correlation of observed typhoon frequency with observed (a) SLP, (b) SST, (c) magnitude of zonal wind shear 
between 200 and 850 hPa, (d) specific humidity at 850 hPa, (e) vorticity at 850 hPa, and (f) divergence at 200 hPa. The red (blue) shading indicates the areas 
where the correlations are significant at the 95% confidence level. The rectangles indicate the key regions for each variable where the correlations are 
strongest. 
the upper level, the zonal wind shear between 200 and 850 
hPa is weaker, and the SST has an “east warm-west cold” 
dipole pattern (Here the surface air temperature is used to 
represent the SST, since DEMETER did not provide SST 
data). The combined effect of these climatic factors pro-
vides favorable dynamical, thermal, and humid conditions 
for typhoon genesis. Since the influence of all these six cli-
matic factors on typhoon activity has been revealed in pre-
vious studies as reviewed in the introduction, we do not 
investigate them individually here.  
This study investigates the quantitative contribution of 
the six climatic factors to variability in the typhoon fre-
quency, with the aim of establishing a basis to evaluate the 
prediction capability of the coupled model. Therefore, the 
averages of these six variables over key regions (rectangles 
in Figure 1) are calculated as indices to diagnose the quan-
titative relationship between the six factors and typhoon 
frequency. For the variables whose correlations with ty-
phoon frequency have positive and negative key regions 
(rectangles in Figure 1), indices are defined as the differ-
ence between the mean values of the negative and positive 
key regions. The key regions for each variable are 
12.5–27.5N, 150E–160W for the SLP index, 10–20N, 
110–120E and 15–25N, 170–160W for the SST index, 
10–17.5N, 155E–180 and 22.5–30N, 155E–180 for 
the zonal wind shear index, 15–25N, 160E–150W for 
specific humidity at 850 hPa, 15–25N, 120–170E for 
the vorticity index at 850 hPa, and 12.5–20N, 120–170E 
for the divergence index at 200 hPa. Table 1 lists the    
Table 1  Coefficients of correlation of the observed typhoon frequency 
with the observed six factor indices  
 x1 x2 x3 x4 x5 x6 
Correlation  
coefficient 0.76* 0.68* 0.72* 0.70
* 0.61* 0.63* 
* indicates that the correlations are significant at the 99% confidence 
level. x1 to x6 are the normalized indices of SLP, SST, magnitude of zonal 
wind shear between 200 and 850 hPa, specific humidity at 850 hPa, vorti-
city at 850 hPa, and divergence at 200 hPa. 
coefficients of correlation between the six factor indices and 
the typhoon frequency. It shows that all correlation coeffi-
cients are high, with a minimum value of 0.61 and maxi-
mum value of 0.76, and all correlations are significant at 
the 99% confidence level. To quantitatively study the ability 
of the six factors to describe the typhoon frequency varia-
bility, we use the six factor indices to linearly fit the ty-
phoon frequency through multiple linear regression: 
 
1 2 3 4 5
6
1.45 1.02 0.90 0.82 1.59
 1.86 20.07,
y x x x x x
x
     
   (1) 
where y is the simulated typhoon frequency, and x1 to x6 are 
the normalized indices of SLP, SST, magnitude of zonal 
wind shear between 200 and 850 hPa, specific humidity at 
850 hPa, vorticity at 850 hPa, and divergence at 200 hPa, 
respectively. 
Figure 2 shows the observed and simulated (using eq. (1)) 
typhoon frequency over the WNP. It suggests that the observed 
and simulated typhoon frequencies have highly consistent  
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Figure 2  Observed typhoon frequency and typhoon frequency simulated using the six observed factor indices through multiple linear regression.
variability. The coefficient of correlation between these two 
typhoon frequencies is 0.88, with the correlation being sig-
nificant at the 99% confidence level. The root-mean-square- 
error (RMSE) of the simulated frequency is 2.0 relative to 
the observation. This result indicates that such linear com-
bination of the six typhoon-related factors based on multiple 
linear regression well describes the typhoon frequency var-
iability, explaining more than 77% of the observed variance 
of typhoon frequency with low RMSE. 
3  Prediction capability of the coupled models 
for the typhoon-related factors in the WNP 
The result obtained in the previous section shows that using 
the SLP, lower-level vorticity and specific humidity, zonal 
wind shear, upper-level divergence and SST can well de-
scribe the typhoon frequency variability over the WNP. We 
now investigate the ability of the DEMETER coupled mod-
els to predict the six-factor variability, which is closely re-
lated to the ability of the coupled models to predict typhoon 
frequency variability over the WNP. 
Table 2 gives the coefficients of correlation of the six 
factor indices between the ERA-40 and the coupled models. 
The definition of these six factors is consistent between 
EAR-40 and the coupled models. With developments in the 
past several decades, coupled models have become consid-
erably better at simulating typhoon-related large-scale cli-
matic factors. As shown in columns 1 to 3 of Table 2, the 
coupled models well predict the variability of the SLP, SST 
and zonal wind shear, with correlation coefficients between 
0.58 and 0.85, with all correlations being significant at the 
99% confidence level. Comparatively, the simulation ability 
for the vorticity, divergence, and specific humidity is lower. 
The reason is that vorticity, divergence and specific humid-
ity have more complex variability and a smaller spatial 
scale than SLP, SST, and zonal wind shear, which leads to 
greater difficulty in the coupled-model simulation. In gen-
eral, however, the six coupled models perform well in pre-
dicting typhoon-related climatic factors over the WNP. Ex-
cept in the case of the divergence index at 200 hPa predicted 
by the fifth coupled model (for which the correlation is not  
Table 2  Coefficients of correlation between the predicted typhoon-related 
factors by the six models and their ensemble and observed typhoon-related 
factors a)  
 x1 x2 x3 x4 x5 x6 
Model 1(ECMWF) 0.58*** 0.80*** 0.61*** 0.42** 0.53*** 0.45** 
Model 2 (INGV) 0.68*** 0.66*** 0.63*** 0.37** 0.54*** 0.38** 
Model 3 (LODYC) 0.60*** 0.83*** 0.60*** 0.45** 0.50*** 0.58*** 
Model 4 (CNRM) 0.73*** 0.85*** 0.65*** 0.51*** 0.73*** 0.38** 
Model 5 (MPI) 0.64*** 0.65*** 0.62*** 0.54*** 0.33* 0.28 
Model 6 (UKMO) 0.72*** 0.74*** 0.78*** 0.60*** 0.60*** 0.51*** 
Ensemble 0.74*** 0.84*** 0.76*** 0.59*** 0.69*** 0.69*** 
a) x1 to x6 are the normalized indices of SLP, SST, magnitude of zonal 
wind shear between 200 and 850 hPa, specific humidity at 850 hPa, vorti-
city at 850 hPa, and divergence at 200 hPa. ***/**/* indicate correlation 
significant at the 99%/95%/90% confidence levels.
 
significant at the 90% confidence level), the predicted indi-
ces significantly correlate with the observations. 
In model simulations, the multi-model and multi-member 
ensemble is widely applied as one effort to reduce uncer-
tainty resulting from internal variability and differences 
among models. The above result for each model is a nine- 
member ensemble result. Here the six-model ensemble is 
further studied. In the present analysis, we only take a sim-
ple six-model mean (i.e. the model weight is not considered 
here). As shown in Table 2, the ensemble generally has 
higher prediction ability. The six correlation coefficients 
have a minimum of 0.59 and maximum of 0.84, and thus, 
there is less uncertainty arising from poor model perfor-
mance in predicting some variables. 
4  Capability of the coupled models to predict 
typhoon frequency in the WNP  
The previous section revealed that the DEMETER coupled 
models have good prediction capacity for the six typhoon- 
related climatic factors. In this section, we investigate wheth-
er the coupled models can predict the observed relationship 
between these six factors and the typhoon frequency. There-
fore, we substitute the six factor indices predicted by the six 
coupled models for the observed indices in eq. (1) but do not 
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change the coefficients in eq. (1), checking the ability of these 
six CGCMs to predict the WNP typhoon frequency using the 
six well-predicted typhoon-related climatic factors. Since the 
coefficients in eq. (1) are derived from observation and the 
same for the six coupled models, the typhoon frequency pre-
dicted using eq. (1) is an independent sample test for each 
model, and the prediction results obtained with the different 
models can be objectively compared. 
Table 3 shows that different models have different skill 
in predicting the typhoon frequency variability. The coeffi-
cients of correlation between the observed and predicted 
typhoon frequencies are between 0.54 and 0.64, with the 
correlation being significant at the 99% confidence level. 
The RMSEs of the six coupled models are between 3.3 and 
4.0. Figure 3 shows the observed and predicted year-to-year 
typhoon frequencies. It suggests that the predicted and ob-
served frequencies have highly consistent variability. The 
years 1983, 1998 and 1999 with much less typhoon fre-
quency are well predicted by the six coupled models. The 
multi-model ensemble has the best prediction skill; as 
shown in Table 3 and Figure 3, the variability of the ob-
served typhoon frequency and the variability of the typhoon 
frequency predicted with the multi-model ensemble are 
more consistent than is the case for individual models. The 
coefficient of correlation between the observed and mul-
ti-model ensemble-predicted typhoon frequencies is 0.68 
and the RMSE is 3.1, which is the best result achieved.   
The above analysis indicates that the six DEMETER 
coupled models have good prediction capability for typhoon 
frequency, while the multi-model ensemble has the best 
performance. 
5  Conclusions 
Using hindcasts of six DEMETER coupled models over the 
period of 1974–2001, the prediction capability of the coupled 
models for six typhoon-related climatic factors is investi-
gated. The results indicate that these six coupled models are 
well able to predict the variability of the six factors, espe-
cially the variability of large-scale circulations and SST. 
Moreover, the prediction ability of the coupled models for 
the typhoon frequency is further explored. It is found that 
the coupled models also well predict the typhoon frequency 
variability over the WNP after employing statistical downscal-
ing. The six-model ensemble has the best performance. 
Taking an objective approach to detect typhoon-like tropical 
cyclones in the coupled models, Vitart [36] investigated the 
prediction capability of the DEMETER coupled models for 
typhoon frequency over the WNP. He showed that there are 
only three coupled models for which predicted typhoon 
frequencies have significant correlation with the observation. 
In this study, however, employing statistical dynamical 
forecasting, the prediction skill of the coupled models for 
the typhoon frequency variability is largely improved. The 
correlations between observed typhoon frequencies and 
typhoon frequencies predicted by the six coupled models 
are all significant at the 99% confidence level. 
For objective comparison of model predictions, the defi-
nitions for all indices and the statistical downscaling for-
mula for the typhoon frequency prediction are determined 
from observations and are consistent among models. How-
ever, different coupled models have different prediction 
features for the typhoon frequency and its related climate 
factors. For example, the key regions could differ among 
models or between a model and observations. Additionally, 
different models might have different prediction skill for 
different factors. Thus, in operational forecasting, different 
organizations should combine these six typhoon-related 
factors optimally on the basis of their model’s features, which 
would further improve the model’s prediction skill as com-
pared to the objective definition and combination of the 
typhoon-related factors based on the observations in this study. 
Making a prediction by selecting the best prediction  
Table 3  Coefficients of correlation between the typhoon frequencies derived with the six models and their ensemble and observed typhoon frequencies 
over the WNP  
 Model 1 ECMWF Model 2 INGV Model 3 LODYC Model 4 CNRM Model 5 MPI Model 6 UKMO Ensemble 
Correlation coefficient 0.54* 0.54* 0.63* 0.59* 0.64* 0.61* 0.68* 
Root-mean-square-error 4.0 3.6 3.5 3.4 3.3 3.7 3.1 
* indicates that the correlations are significant at the 99% confidence level. 
 
Figure 3  Predictions made with the six models and their ensemble and observed typhoon frequencies over the WNP.  
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signals from the coupled model can improve a model’s pre-
diction capability [41]. This study developed a prediction 
method that combines statistical downscaling with coupled 
models as an important tool to improve the ability of a cou-
pled model for typhoon frequency. Using this tool, many 
coupled climate models with high or low resolution can be 
used to predict typhoon activity, which consequently bene-
fits super-ensemble prediction of typhoon activity and im-
proves the dynamical prediction of typhoons.  
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